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Getting Lunar Ilmenite: From Soils or Rocks?

D. T. Vanimanl and G. H. Heikenl

Abstract

Lunar soils or rocks

producing oxygen. However,

lunar soils are rare (<2%)

can be mined as sources of ilmenite for

separable crystals of loose ilmenite in

and small (<200 pm); most ilmenite in the

regolith is locked together with silicate minerals as rock

fragments. Since fragmentation of rock sources hlust be attempted to

win appreciable amounts of ilmenite (-10% or more), selective

collection of high-Ti basalt fragments larger than 1 cm for

fragmentation and ilmenite beneficiation may be advantageous over

extensive processing of fine lunar soil. Many alternative processing

schemes for fragmenting rocks on the tloon have been proposed; one

process which was tasted earlj in the Apollo program successfully

disaggregate lunar and terrestrial basalts by passive exposure to

low-pressure alkalt (K) vapor. This process is worthy of

reinvestigation.

Introduction—

Lunar ilmenite is a potenti~l ore for pt-oductlon of oxygen (to

be used in propellants and for life sIIppor I), vlth byproducts of

Ircn and refractory TiO~. Schemes fol {lIIIOIIlrQ processing to mnke

oxygen rely on reductants, and scvetnl dlftctellt processlIIg sc!]emcs

finve been corlsldered (c,g., rp[l~tctl(~ll I)y (:() (:(1( IPI iIIId KInH, 1985;

CInd reductio,i by H Wllllnms, 19[1!>), AlthoIIgh thp rq{llrerncnts for

p(lrlty of ilmenite fecdstock ill~ still l)ootly collstrnltled, a

feeclstock of -90% pure ilmenite 1s sugKested by CutlPI” nlld Krag, and

IJillinms has experimented with 9.!% puIc llm~nltvl Hloctromngnetic

COllCPl)tl”fltj Oll IS gellt?l’illly (?llVIS(lKCd il.V I IIP mf?tI)od of CIIOI(SC t or

oht~lning theso I Imenlte rich fmrlstorkx (AKoxto, l’~11’)), lAInnI-
.

‘Fhrth and thivlronm~lltnl SrlvnrQs, MS IM(J2, I,I)s Alnrnos Nntlonnl

Iinhotatoly, I,os Alnmo%, NM, I!)’)/lr)



soil (the <1 cm fraction of the regolith) is commonly assumed to be

the source of the ilmenite ore because the fine-grained soil

contains loose single crystals of ilmenite which may be collected

without crushing hard rocks.

Collection of mare soils for processing is one of the simplest

conceivable lunar operations. Lunar mare plains cover 6.4x106 km2 of

the lunar surface; within this area, there are approximately 1.2x106

km2 of mare regolith overlying high-Ti basalts. All of the regolith

is readily accessible. The fine-grained soils of the regolith are

also sinks for dispersed surface-correlateci volatile elements

(hydrogen, carbon, nitrogen, and helium) that heve potential

applications in life support or (for 3He) export to Earth for energy

production. A special subclass of mare soils, the pyroclastic

deposits, contain a broad variety of surface-coating volatile

elements (Zn, Na, K, Cl, as well as S) that have poten:ial uses but

as yet no well-defined applications. Soils are indispensable for the

collection and use of these volatile components. However, there are

several problems In the collection of ilmenite grains from the fine-

grained soil fraction of the mare regolith.

The assumption that relatively pure (e.g., 90% purity) ilmenite

concentrates may be simply collected from lunar soil is confronted

hy several problems. Most ilnienite fragments in the soil are not

clean, discrete crystal~; instead, most are microlithic fragments

with adhering silicate minerals. To extract the ilmenite that does

occur as single crystals while avoiding most (but n~t all) of the

microlithic fragments, one must sieve to sizes finer than shout 100

urn - n daunting prospect for large-scale operations in soils with

high electrostatic charge and without benefit of wet-sieving. Even

If this were possible, the ilmenite abundances extractable as single

crystals are very small (nbout 2%). Additionally, it i~ the fine

sol] ftaction in which the original rock and mineral constituents
~,x[.nvntcd from the bedrock have been most alterl~d, both by hlgh-

enPrKy charged particle or snlnr wind bombardment and by mctcorold

Impact. The omnipresent agglutinates, which nre vesicular and slnggy

p;ll rlf”lms of fused SOil, have a grain size gene:”nlly <1 ,nm nt)(l

tholofotc orc\Ir almost entirely wIthlll the fine soil, Aggltltlnates

tllilv lJIrnPIIt, p*oblems in the cxtrnct loll and bcl]uflciatloll of Ilmonltc
flr)m so!], Iwcnuse they w{ll req~lilc precise mngtlctlc sepat-ntlott

tr’(’tllll(lllr’s. It mny be fal brttot- to fnrr the problem of ftuxt~lng 01

dlY:lHKIP~;lt Ing tt}i~ ~-r~rks with tllgli {Imenitp rontol)t, rnthc?t t hnll
dI\{~I VI 11) tho dlspef”, ~od nfld vvt y f If lo glirltlmi I Imonl tP compr~nont of

tll(~lt~gf)llttl,

I!II! Pxpr3F411tPs of mnro hodforlt nrr very rntp. Tlw OIIly oh~orvwl

0111 (I 1)1)’; I)! mnt f’ Iln%ill t WCIr) Illr):io ‘+~oll Ill tllm st~mp w.nl 1:; 01 !Ifldlvy



Rille at the Apollo 15 site, in a location so inaccessible that they

could not be sampled. If large quantities of rock are to be sought

for ilmenite extraction, it would be most practical to collect the

relatively coarse basalt pieces and boulders that are generally

concentrated around the gently sloping rims of craters -lOm and

larger in diameter. Arou~ld craters cf -100m and greater diameter

these boulders may be so large that they become obstacles, and

optimum operations will have to consider abundances of rock versus

soil as well as the accessibility of mining sites.

It is important to consider (1) how coarse the size range of

particles collected must be to avoid the collection of agglutinates,

and (2) how other coarse samples (principally regolith breccias) can

be identified and rejected. Although agglutinates larger than 1 mm

do occur, they differ from their smaller siblings by occurring

mainly as splash coats on other soil materials, and by their low

vesicularity and tendency to be devitrified (Heiken, 1975).

Extensive agglutinate-like splash coats, however, tend to be more

typical of highland than of mare areas. Heiken (1975) found that a

typical Apollo 17 mare soil (71061) contains no aggl~tinate glass

coarset than 1 mm; all constituents in this this soil coarser than 1

mm are basaltic rock fragments, In this particular bulk. soil, the

coarse (1 to 10 mm) mare lithic fragments accounted for 23X of the

total soil weight, It is likely that a high-Ti mare soil (without

highland inassif mixing) will, if sievsd to collect the >1 mnt

fraction, consist mostly of basaltic rock fragments and regolith

breccias; if sieved to collect the >1 cm fraction, it is almost

certain that the collection will consist only of basalts and

regolith breccias.

Based on the sample data from the Apollo 11 site, all fragments

over 50 g are either basalts or regolith bleccias (Fruland, 1983).

Of these samples, about 40% are basalts and CO% are r~~golith

breccias. If the problems of small ilmenite size and low ilmenite

abundance are to Iw avoided, thel] the basalt collection system must

be intelligent enough to reject the regolith breccias, Rc!golith

I)lecclils Cal] be tea’’lly (Iistillgujslle(l fl’olll l)ilSillt S 011 tll(’ l)ilSIS Of

dcllslty (thP dPlls(?st Almllo 11 tr)golith lJIPc\”in is <2,6 g/rm3,

compared to :!. ’!. !./4 g/cm-) fol I)!tsalt) and 011 Ilnl’(lll(?ss. Those

pl op?l’t lC!S (’illl I)Q PVill{lilt[>(l I)y I)lly!;i(’ill, lPIP(’tl’iCill! 01 il(’ollSt,i C

nwthods wh{lc thp tlltt]~t~g ~(l(lipm~tit l:: ~i~tl~eilt]~ th~~ [~~~dsto~k. At~

lllt~ll{~~llt 11)111111~ lllil(’tlll)(~ (’0111({ l)(~t 01II% [)l’OV1(I(> il 1)(11’0 I)il’+alt

[{?cdstork, I)tll ;IISO I)li)V\(l[! ;1 WPill It} ()( (Iolill I!>(l (lil t (1 011 11111{11”

g(~olf)gy,



Boulders in Lunar Soil——

Ilmenite abundances in high-Ti mare basalts range from 10 to

20%; careful exploration and site selection may provide basalt

fragments of sufficiently large grain size that fragmentation to

0.25 mm can lead to -10% extractable ilmenite of acceptable purity

(Heiken and Vaniman, in press). It is important to emphasize that

the major effort involved will be in crushing the >1 cm “boulders”;

these can be collectea from the surface of the regolith, without

excavation.

How many >1 cm basalt fragments are available from a typical

mare regolith? The only visual measurements of such coarse fragment

abundances were made from closeup photographs in the Surveyor and

early Apollo missions (Surveyor and Apollo 11 - Shoemaker et al. ,

1970a; Apollo 12 - Shoemaker et al., 1970b). These data are

summarized in Figure 1. Some uncertainty is involved in the

,.xtrapolation to particles of multi-centimeter size; for example,

the Apollo 12 photograph used was a closeup that covered an area of

only 72 by 82 mm (Shoemaker et al,, 1970b). Nevertheless, the power

function curves in Figure 1 show relatively good agreement between

the Apollo 11 and Apollo 12 photo measurements. (The Surveyor

television pictures covered more area; Surveyors 1, 111, and VI are

very close to the extrapolated Apollo estimates whereas Surveyor VII

is considerably coar:er and Surveyor V is more fine-grained - see

Shoemaker et al., 1970a).

Using an average high-Ti basalt density of 3.35 and an

assumption that 4C% of the >1 cm fragments are basalt (with the

remaining 60% regolith breccia), we have estimated the amount of >1

cm fragments necessary to obtain an arbitrary large mass of ilmenite

for industrial-scale yearly ~xygen production. Ibis mass of ilmenite

was chosen to be 104 Ml’, to match the mass needed to supply the

model plant described by Cutler and Krag (1985) which would produce

103 MT of oxygen per year, Heiken and Vaniman (in press) susgest

that {lmenite recovery of better than lo% is obtainable ftvm cttlshed

or disaggregate high-Ti mare hasalts (in contrast to <2% from

uncrushed high-Ti mare soils). USiIIK an fissured value of 10%

ilmef}itp ftom bacalt, a total mass of 10:; MT of basalt is llQPdPfl fo[

the crusher/disaggregator that will feed the model oxyger) plant for

orle yPaI.

Thp curves {t) Fig\lre 1 cm~ bc> l!sP(I tO {~stimat{’ ttl(’ !:111 fil(’~ ill (’ii

t)eed[?(t to provide enouKf~ >1 rtn l)3Sillt ttagmenrs to ~Jtodll(’(” tills

mn!is. ThP i C?s(ll t is inflllell!’(~fl by It)$* xhilpP Of pnl t ICI() (ISIJ(I in thP

calcIIlnr iOII (we hnve nsstlm~d pat tirlo:: {lltprmr~diatc l)olwPrIII n~)lloIcs



and cubes); with such particles, the area that must be skimmed is

approximately 75 km2.

Another approach to this calculation is to examine the coarse

sieved fractions from large regolith samples. Figure 2 represents

the coarsest sieve data available (Apollo 14; LSPET, 1971). Although

not collected from a high-Ti mare sample, the area shovn for typical

Apollo 14 soils in Figure 2 closely matches the cumulative particle

number field for Apollo 11, Apollo 12, and three Surveyor sites

shown in Figure 1 (when converted from mass to area). About 1% by

weight of these typical soils c~iiSists of fragments larger than 1

cm. To feed the model oxygen production plant, about 150 km2 of

regoljth must be sieved to 10 cm depth to obtain enough fragments of

>1 cm basalt.

These two estimates differ by a factor of two. The major

unconsidered factor in the second estimate (based on Figure 2) is

the fact that the sieved soil analyzed did not account for the rare

but significant basalt boulders (>10 cm) scattered across all mare

regoliths. The largest boulder observed at the Apollo 11 site was

abo~t 0.8 m across. This boulder alone probably weighs more than 1

MT. It does not take many large fragments at the low end of the

curve in Figure 1 (>10 cm) to considerably raise the mass of basalt

collected.

Another factor needs to be considered in collecting basalt

‘L-agmsnts: the possibility of selectively culling material from

crater rims where coarse blocks are relatively more abundant than in

the “bland” mare plains. The upper curve in Figure 2 represents

regolith from the fresh debris along the rim of Cone Crater at the

Apollo 14 site. The size distribution in this upper curve indicates

that if such regoliths are processed for >1 cm particles and blocks,

there may be an approximately 10-fold increase in the mass of

material collected relative to the “bland” mare plains. This would

lower our area estimate needed to feed the model oxygen plal,t for

one year from 150 km2 (using a mining depth of 10 cm and the lower

curves in Figure 2) to 15 km2 (using the same d~pth and the ~lpper

cl]rv.?s in Figllre 2). Moreovert closeup photographs of ttle boulders

on the rim of Camelot Crater at the Apollo 17 site show that most if

not 011 are !)asalt, without a significntlt regoli rh I)LQccia

component, the area to be mined r,~tl be furttler Ieduced to -6 knlz.

MiniIIg Ct-atcr R~ms—.-.. . .. .



al. , 1981). It is comparable in size to many of the craters in the

“central cluster” (Figure 3), and Camelot is therefore not an

anomalous feature.

The rim of Camelot is littered by particles of basalt ranging

up to >3 m in diameter. Although the boulder field is discontinuous,

the surface of the rim visited by the Apollo 17 astronauts was found

to be --30% covered by basalt boulders. This abundance of basalt

boulders falls off markedly “within a few meters” from the rim;

examination of photos and maps from the Apollo mission suggest that

the width of the rim most littered with boulders is probably about

20 m. More boulders ale found within the inner slcpes of the crater

rim, but possible problems of mobility and access could prevent use

of the inner slopes of craters for mining. Within this 20 m band

along the crater rim, if excavations of 1 m are made and if the

basalt blocks also comprise -30% of the cross-sectional area, one

crater such as Camelot couid provide over 104 MT of basalt. Ten such

craters could feed the 103 MT 02 model plant described above for one

year.

The central cluster ejects, south and east of Camelot Crater?

is characterized by its coarse debris and an abundance of large

boulders, Each of the 150 boulders marked in Figure 3 is a few

meters in diameter and each has a probable mass in excess of 10 MT.

Boulders of 1 MT mass are probably an order of magnitude more

abundant in the central cluster. Since boulder masses scale upwards

with the cube of the boulder diameter, such rich fields of large

rocks could be attractive areas for mining.

The preference of basalt source, whether large areas of “bland”

mare regolith ~ith small boulders or smaller areas of crater rims

and crater clusters with large boulders, would depend on the

mobility versus the power of the mining equipment. In this regard,

it is important to consider that a mare basalt boulde~ of 1 m3 has a

rrass of about 3.3 HT. It may be preferable to construct mining

equipment which will roam with a range of tens of kilometers and be

intelligent enough to recognize and reject regolith breccias, than

to build massive systems of limited range. A preference for

collecting many smaller t)oulrfers may also be compelled by the

relatively easier prospect of fragmenting cm-scale particles rather

than m-scale houl.dets.

Processing Rorks: Fragmentation.-.— —_—.—..-. . . . ..— .._.——

A majol conretn in exttactir]g ilmer}{te ore from rocks is the

problem of Cllrshirlfi, !:onv~ntional terrestrial crushing mills operate

ir] stafref;, :akillg mat~ria] of m[l] t i (III size through jaw crushers,



cone or gyratory crushers, and grinding mills to produce fragments

with a practical reduced size limit of -0.25 mm (Vincent and

Rickard, 1973). However, the absence of fluids (either liquid or

gas) and other aspects of the lunar environment are likely to limit

the use of such equipment (Podnieks and Roepke, 1987).

There are many alternative methods for fragmenting rock

samples. Podnieks and Roepke (1987) and Lindroth and Podnieks (1.987)

summarize the possibilities of explosive, C02 laser, microwave, and

solar fragmentation processes. All of these innovative processing

schemes are promising. Ve wish to add to this list a process

originally proposed as a natural mechanism of rock erosion on the

t400n: rock fragmentation by alkali metal vapors (Naughton et al.,

1971).

Naughton et al. (1971) completely disintegrated a sample of

lunar basalt 12022, by exposing it to potassium vapor with a maximum

pressure of 10-4 torr under mild thermal cycling (lOO°CJ for a

period of one lunar day (14 Earth days). Their study of basalt

fragments subjected to this process indicated that disaggregation

cccurs by breaking apart at grain boundaries due to the volume

differences resulting from exchange of K for Na in the feldspat

crystals. The experiments they performed were designed to test the

possible natural operation of this process under simulated lunar

daytime conditions, rather than to optimize the sample fragmentation

rates. It is likely that differing conditions of K pressure and

temperature or uses of alternative or mixed gases (K-CS?) will

reslllt in more rapid and effective fragmentation. Although this

process will require stocks of K for operation on the Iioon, it is

probable that more extreme heat processing of the silicate mineral

tailings after ilmenite removal will allow recovery and reuse of the

K. This appears to be a simple fragmentation process that could

operate very well in the lunar environment.

Conclusions: Production of Oxygen from Rocks and Other Volatiles

from Soil and Pyroclastic Deposits

Ve propose that high-Ti mare rocks are more attractive than

high-Ti mare soil as a target fo”: ilmenite separation. We make this

pr ~osal because (1) single ilmenite grains in the lunar regolith

small (generally <0.2 mm), (2) even in high-TI mare soils the

.ngle i’

(3) most

minerals

anyway.

Illevilah

menlte grains are not abundant (2% or less by volume), and

i]menite in the tegolith is locked together with silicate

itl little “rocklets” that will require Eragventatlon

Since processing which includes fragmellt:,tlon skeins

F It is Important to consider the optlnn of hypnsstng the



fine soils and processing instead the coarse and abundant ilmenite

in >1 cm pieces of basalt from the regolith. However, we do not

propose that the valuable commodities of the regolith (particularly

volatiles) be ignored.

A lunar oxygen production plant is often pictured as being

centralized, relatively large, and stationary. Such plants are

generally visualized with fixed foundations, having ~arth movers

that bring feedstocks to the plant and remove the tailings left

after oxygen extraction. An alternative plant architecture may be

one in which only the power source (probably nuclear) is In a fixed

location, the oxygen production plant is movable but generally

stationary, and dispersed rovers collect coarse-grained ilmenite

basalts for the oxygen production plant. The oxygen production plant

could be moved after its rovers deplete the readily collected

boulders in its local area, but would remain stationary while in

operation.

The rovers could fulfill several tasks in addition to supplying

the oxygen production plant. With little additional mass, the rovers

could be equiped with a small heating chamber and a gas collection

system; regolith could be brought into the chamber for volatile

extraction and collection (stepwise heating could be used to

partially separate the gasses collected). While the rover moves,

over constantly new terrain, it cm also serve the function of a

very slow but thorough robot geologist, scanning the variety of

particles in front of it and selecting any unique samples (using

optical imaging and x-ray analysis systems) for periodic collection

and return to Earth. This cooperation between a relatively

stationary, dumb oxygen plant and mobile, intelligent rovers could

3He for use on Earth, otherprovide oxygen for space propulsion,

gasses for use in space, and a very carefully collected sample suite

for better understanding of the Moon.
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Figure 1: Cumulative number of particles, increasing with decreasing

particle size, on the surfaces of typical lunar regoliths. Data

are compiled from photos and television images. This figure is

modified from those in Shoemaker et al. (1970a,b).

Figure 2: Illustration of the occurrence of more abundant coarse

fragments in crater rim soils (the example is Cone Crater) than in

the typical lunar regolith. The shaded region of typ!cal soils is

com!~arable to the shaded region in Figure 1. This figure is

moiified from LSPET (1971).

Figure 3: Locations of Camelot Crater and the central cluster ejects

field at the Apollo 17 landing ‘te. The “x” symbols mark

locations of large boulders that could be mapped from orbital

photography; each of these boulders is large enough to have a mass

in excess of 10 MT. This figure i= modified from huehlberger et

al., 1973.
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Figure 1: Cumulative number of pnrticles, incensing vith decreasing
pnrticle size, on the th~” surfaces of typiral lunnr regollths. ‘

Dnta mte compiled from photos ●nd television images. This figure
is modified from those in Shoemnkcr et a]. (1970~,b).
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Figure 21 Illustration of the occur ronc~ of ■ore ●bundant coarue

fragments in crater rim soils (the example is Cone Cratar) than in

the typical lunar r~golith. The shaded region of typical soils is

comparable to tho shaded region in Figure 1. This figure 1s

❑edified from LSPET(1971). .
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Figure31 Location, of Camelot Crater ●nd the central cluster ●j*eta

fldd ●t tho Apollo 17 landing site. The “x” symbols ■ark

locations of larga bould~ra that could b~ mappad from orbjtal

photctgrnphyl QSCh of th@sQ boulders j~ large ●nough to have a mass

in ●xcass of 10 HT. This figuro is modj?jed from Hu?hlberger ●t

●ll, 1973.


